The insects that feed on the related plant families Apocynaceae and Asclepiadaceae (here collectively termed "milkweeds") comprise a "component community" of highly specialized, distinctive lineages of species that frequently sequester toxic cardiac glycosides from their host plants for defense against predators and are thus often aposematic, advertising their consequent unpalatability. Such sets of specialized lineages provide opportunities for comparative studies of the rate of adaptation, diversification, and habitatrelated effects on molecular evolution. The cerambycid genus Tetraopes is the most diverse of the new world milkweed herbivores and the species are generally host specific, being restricted to single, different species of Asclepias, more often so than most other milkweed insects. Previous work revealed correspondence between the phylogeny of these beetles and that of their hosts. The present study provides analyses of near-complete DNA sequences for Tetraopes and relatives that are used to establish a molecular clock and temporal framework for Tetraopes evolution with their milkweed hosts.
INTRODUCTION
Molecular studies of species across a wide range of habitats are accumulating, opening the door to new opportunities for comparative studies of molecular adaptation. Habitats that are unusual or extreme often harbor a relatively high proportion of endemic lineages, which, by virtue of forming discrete assemblages ("component communities": Root (1973) ; Futuyma and Mitter (1996) ), may be especially useful for comparative molecular studies. Such "specialist habitats" may be organismal (Moran et al., 1993; Lutzoni and Pagel, 1997; Peek et al., 1998) or physical extremes (Distel et al., 2000) or may be isolated geographically (Gillespie, 1994; Juan et al., 1995 Juan et al., , 1996a Juan et al., , 1996b Juan et al., , 1998 Sequeira et al., 2000) . In principle, habitat-defined assemblages allow distinguishing recent from ancient colonists, facilitating comparisons of molecular adaptations and other molecular phenomena that might be engendered by habitat occupation (e.g., Moran, 1996; Peek et al., 1998) . Analyses could thus potentially reveal regularities in effects on molecular evolution of such habitatrelated factors as stability, size, or harshness and could reveal regularities in the direction and rate of shifts among habitats. For example, under a model of stepwise evolution, habitats that would seem to impose strong selection for adaptation to extreme conditions (e.g., to scarcity of oxygen, water, or nutrients or pronounced acidity, cold, heat, or pressure) might be most accessible to organisms occupying habitats of intermediate severity. If specialized adaptation is sufficiently pronounced and prolonged, such habitats could become evolutionary dead ends (Kelley and Farrell, 1998) . Moreover, habitats that also severely curtail population sizes may result in erosion of codon bias or even permit accumulation of deleterious mutations (Powell and Moriyama, 1997; Peek et al., 1998; Wernegreen and Moran, 1999) .
The plants that insects attack provide several contexts for circumscription of sets of lineages for comparative molecular study. For example, groups of herbivorous insects are usually restricted to particular plant taxa (e.g., grasses or conifers) and particular tissues (e.g., seeds or roots) as well as particular physical environments (e.g., riparian or desert). Molecular or other evolutionary consequences of long-term ecological associations of insects might be best understood from a comparative perspective if we first know which of the insects currently associated with a given habitat number among the early occupants (Farrell, 1998) and which are much later and perhaps more likely in the initial stages of adaptation.
One promising system for concerted study is the distinctive assemblage of insects specialized for consumption of milkweeds and relatives in the families Asclepiadaceae and Apocynaceae (Dobler and Farrell, 1999; Mitter, 1993, 1998) . These plants are known for their paralytic toxins, commonly termed cardiac glycosides or cardenolides, which inhibit excitatory cells by binding to the membrane-bound ion transport enzyme Na ϩ -K ϩ -ATPase, also known as the "sodium pump" (Emery et al., 1998) . Insects adapted to feed on cardiac glycoside-bearing plants are thought to bear modifications in the sodium pump proteins that confer resistance to these toxins, a hypothesis that has been confirmed for some lepidopteran milkweed insects (Holzinger et al., 1992; Holzinger and Wink, 1996) . Whatever the mechanisms of resistance, various species in some 50 disparate taxonomic groups of milkweed herbivores Mitter, 1993, 1998) are known to sequester and store the cardiac glycosides (Scudder and Duffy, 1972; Rothschild, 1973; Isman et al., 1977; Marsh et al., 1977; Nishio et al., 1983; Brower et al., 1984; Berenbaum and Miliczsky, 1984; Ackery and Vane-Wright, 1985; Detzel and Wink, 1995; Moranz and Brower Lincoln, 1998) . These sequestered toxins then serve to defend these insects against their predators, and the insects often advertise their acquired defenses via a bright warning coloration in a well-known syndrome of aposematism and probable Mullerian mimicry (Brower et al., 1984a,b; Ackery and Vane-Wright, 1985) . Milkweed insects offer excellent prospects for comparative molecular study as they are highly specialized and readily identified and have an obvious biochemical mechanism that suggests a line of inquiry into molecular adaptation.
While the overwhelming majority of work on milkweed insects has focused on the monarch butterfly Danaus plexippus (e.g., Brower et al., 1984a,b; Ackery and Vane-Wright, 1984 , and references therein), the most species-rich group of insects that attack Asclepias milkweeds is the North American cerambycid beetle genus Tetraopes, comprising some 25 species (Farrell and Mitter, 1998) . These bright red and black beetle species are largely restricted to different species of Asclepias that vary in toxicity (Nelson et al., 1981) . The nearest relatives of Tetraopes are within the paraphyletic, similarly aposematic Central and North American genus Phaea and attack tropical trees in the family Apocynaceae (Farrell and Mitter, 1998) . The largely tropical, woody Apocynaceae, which is paraphyletic with respect to the largely temperate, herbaceous Asclepiadaceae (Sennblad and Bremer, 1996) , shares with that family the cardiac glycoside toxins as well as many groups of specialized herbivores. Tetraopes larvae attack roots and Phaea larvae bore in stems while adults feed on flowers and foliage. Tetraopes larvae store cardiac glycosides that later appear in the adult elytra (Nishio et al., 1983) , just as in the adult wings of the monarch butterflies.
Tetraopes species are more specific to particular milkweeds than are species of Danaus (Brower et al., 1984a,b; Farrell and Mitter, 1998; Moranz and Brower Lincoln, 1998) and so offer the potential to evaluate variation in molecular adaptations to different milkweeds. Elucidation of the possibility of molecular coevolution between these lineages of antagonists requires robust phylogenies and timelines for both associates. Initial evidence on Tetraopes phylogeny, from comparative study of morphological and allozyme characters, indicated fairly strong correspondence with an estimate of milkweed phylogeny largely based on their classification (Farrell and Mitter, 1998) . New studies of Asclepias milkweed phylogeny based on DNA sequences (S. Lynch, personal communication) that will permit further evaluation of the hypothesis of parallel diversification are under way.
The Apocynaceae/Asclepiadaceae clade arose and diversified beginning in the early to mid-Tertiary (Muller, 1984) , typifying a common pattern of woody, tropical angiosperm families that have given rise to temperate, herbaceous radiations (Judd et al., 1994) . Because milkweed herbivores, including these beetles, are thus likely to be of young to moderate geological age, I chose to sequence a mitochondrial gene of ostensibly suitable rate in these insects, the locus encoding subunit I of the terminal electron transport enzyme cytochrome oxidase (COI). COI has proved useful in resolving relationships among closely related species and genera of insects and other arthropods (Juan et al., 1995; Sperling et al., 1995 Sperling et al., , 1996 Sperling et al., , 1999 Lunt et al., 1996; Willett et al., 1997; Knowlton and Weigt, 1998; Sandoval et al., 1998; Wells and Sperling, 1999; Caterino and Sperling, 1999; Dobler and Farrell, 1999; Funk, 1999; Harrison and Crespi, 1999; Moran et al., 1999) . As the largest and most conservative proteincoding mitochondrial gene in insects (Crozier and Crozier, 1993) , COI is potentially well suited to establishing a temporal framework for comparative studies of at least Cenozoic insect faunas, including the insects that attack Tertiary-originating lineages such as milkweeds (Dobler and Farrell, 1999) , yuccas (Pellmyr and Leebens-Mack, 1999) , and Asteraceace . Moreover, several studies have also shown that COI exhibits sufficient rate constancy to provide the means for inference of dates of divergence (Sandoval et al., 1998; Pellmyr and Leebens-Mack, 1999; Sequeira et al., 2000) . Here I provide analyses of near-complete sequences for the COI gene for Tetraopes milkweed beetles and allies, as well as an estimate of the temporal framework of their possible coevolution with their host Asclepias milkweeds.
MATERIALS AND METHODS
Fresh material for 14 of the 25 species of Tetraopes plus 4 species of Phaea was collected and frozen in liquid nitrogen in the field (Table 1 ) and stored at Ϫ80°C for an earlier study of allozyme variation and comparative morphology (Farrell and Mitter, 1998) . The current study also includes the more distant outgroups Moneilema gigas and Essostrutha laevis, species from genera within the same subfamily (Lamiinae) as Tetraopes and Phaea. DNA of individual beetles was obtained by grinding the insects in liquid nitrogen to a fine powder. The tissue powder was subsequently sub-468 jected to the DNA extraction and purification procedures of the QIAamp Tissue Kit (Qiagen Inc., Chatsworth, CA). The final elution step yielded a total DNA/ RNA extract in 0.4 ml of 10 mM Tris-HCl, pH 8.0. A 1564-bp fragment was amplified of mtDNA comprising part of the cytochrome oxidase I gene (COI) and sometimes the adjacent tRNA leucine gene (tRNA leu ) by standard PCR using primers listed in Table 2 . Typical amplification conditions were 2 min of denaturing at 95°C, followed by 35 cycles of 95°C for 45 s, primer annealing at 47°C for 30 s, and primer extension at 72°C for 1 min followed by a final extension step at 72°C for 2 min and refrigeration at 4°C until removal of the samples. PCR products were cleaned of primers and enzymes with the QIAquick kit (Qiagen Inc.) and recovered in 50 l water.
The PCR product of one individual per population was sequenced manually using 35 S-dATP and the Sequenase kit version 2.0 (U.S. Biochemical, Cleveland, OH). The primers used in both PCR and sequencing (Table 2 ) covered the portion of the genome from position 1501 to position 3028 in the Drosophila yakuba complete mtDNA sequence (Clary et al., 1982) . The sequences were entered, edited, and aligned with Sequencher V3.0 (Gene Codes Corp., Ann Arbor, MI). Both strands were sequenced for all samples. The alignment of the protein coding genes was compared with that of D. yakuba (Clary et al., 1982) and Apis mellifera (Crozier et al., 1989) , using the inferred amino acid sequences. Because these sequences are the first near-complete COI sequences for the order Coleoptera, I present elsewhere an analysis with a set of 22 comparable COI sequences for other insects from GenBank.
Statistical Analyses
Patterns of substitutions were documented using character sets corresponding to the three-codon positions and the three main structural domains of COI following Saraste (1990) and Lunt et al. (1996) . These domains comprise 12 membrane-spanning helices (702 nucleotide sites), 6 external loops (359 sites), and 5 internal loops (299 sites), plus the 5Ј amino (NH 2 : 8 sites) and 3Ј carboxyl (COOH: 162 sites) end termini. These domains were coded as character subsets for analysis with PAUP 4.0b2a as follows: membrane: 8 -69, 141-201, 255-311, 408 -464, 519 -575, 648 -707, 792-851, 870 -926, 969 -1028, 1077-1133, 1200 -1256, 1311-1367; external loops: 70 -140, 312-407, 576 -647, 852-869, 1029 -1076, 1257-1310; internal loops: 202-254, 465-518, 708 -791, 927-968, 1134 -1199 ; NH 2 : 1-7; COOH: 1368 -1527. Nucleotide frequencies for each domain and codon position and dinucleotide frequencies for sequence pairs (transitions, transversions, and sequence divergence) were calculated using PAUP 4.0b2a. Divergence at first and second positions (Table 3) Note. Nomenclature follows Simon et al. (1994) , with J and N respectively signifying majority or minority transcribed strand in the insect mitochondrial genome. Boldface indicates primers designed for this project. 
Phylogenetic Analyses
The phylogenetic relationships among Tetraopes, Phaea, and Moneilema sequences were inferred using maximum parsimony and maximum likelihood implemented in PAUP 4.0b2a (Swofford, 1999) . Branch and bound searches were employed for maximum parsimony, and heuristic searches with 10 random addition sequences were used for each of 10,000 bootstrap replicates. Decay analyses were performed using the program Autodecay 3.0 (Erikkson, 1998). All codon positions were analyzed unweighted. The incongruence length difference (ILD) test of data combinability implemented in PAUP 4.0b2a was applied to test whether these DNA sequences are congruent with the allozyme and morphological data set analyzed elsewhere, and the data were combined. Maximum-likelihood analyses of the DNA data employed the Modeltest 3.0 program (Posada and Crandall, 1998) for successive evaluation of increasingly complex models. The simplest model not rejected by the likelihood ratio test was then employed with and without a molecular clock enforced in PAUP 4.0 and likelihood ratio tests performed with a critical value of 0.01 (Swofford et al., 1996; Huelsen- Table 4 , and using the outgroup sequence of M. gigas. Those not showing rate heterogeneity were used to calibrate a molecular clock for these beetles using multiple dates inferred from biogeographical distributions and palynological information (Farrell and Mitter, 1998) . If the habitats of a sister pair of beetles differ in age, then their ancestor must have occupied the older habitat while the species endemic to the younger habitat arose in the latter, coincident with its emergence or following later colonization. For pairs of beetle species representative of the major host-affiliated subgroups, the paleobotanical age of the newer habitat can be taken as a maximum estimate of time since that divergence. The alternative, that the speciation event predates the younger habitat, seems much less parsimonious. For example, Tetraopes sublaevis and its host Asclepias erosa are restricted to the hottest part of the Sonoran Desert, the Lower Colorado Desert. This desert, with its distinctive biota, is approximately 1 million years old (Axelrod, 1979; Wolfe, 1978 Wolfe, , 1985 Graham, 1999 (Wolfe, 1985) . A slightly older comparison is that of Tetraopes pilosus, restricted to the sandhills of the midwestern United States, to its sister species Tetraopes annulatus, which occurs in the adjacent Great Prairies, an older formation (Wolfe, 1985; Tidwell and Nambudiri, 1989; Graham, 1999) . Comparison of these two together with their sister group of Tetraopes species indicates a separation of 7 million years, the approximate time of aridification of the southwestern habitats occupied by Tetraopes annulatus (Graham, 1999; Pellmyr and Leebens-Mack, 1999 (Graham, 1988a (Graham, , 1998b (Graham, , 1999 Tidwell and Nambudiri, 1989) . Temperate upland savannah, a characteristic habitat of the hosts of derived Tetraopes, first appears in the early Miocene, about 20 million years ago (Wolfe, 1978 (Wolfe, , 1985 Axelrod, 1979; Tidwell and Nambudiri, 1989; Graham, 1999) . A regression of beetle sequence divergences and ages was performed using standard linear regression techniques, with the slope constrained to pass through the origin . Comparisons with host divergence were performed using rbcl sequences available at GenBank for the representatives of the major host groups of these beetles as follows. Two rbcl sequences available for the Apocynaceae clades host to the Phaea species sampled are Thevetia ovata, represented by Thevetia peruviana (X91773: Sennblad and Bremer (1996) , and Stemmadenia palmeri, represented by the very closely related genus Tabernaemontana divaricata (X91772; Sennblad and Bremer, 1996; Leeuwenberg, 1994) . Among Tetraopes' Asclepias host groups are sequences for the apparently basal species Asclepias curassavica Sennblad and Bremer, 1996) as well as the derived Asclepias exaltata (L14390; Olmstead et al., 1993) , which is very closely related to Asclepias syriaca (Wyatt and Broyles, 1992; Woodson, 1954) . As with the beetle sequences, likelihood ratio tests of the molecular clock hypothesis for rbcl were performed using the model selected with Modeltest 3.0 of Posada and Crandall (1998) . Linear regression of beetle and host plant sequence divergences was performed as above.
RESULTS AND DISCUSSION
Approximately 90% complete sequences were obtained of the 1537 total for COI (mean ϭ 1386 bp, range: 1209 bp for Tetraopes discoideus to 1531 bp for M. gigas). Sequences for Tetraopes, Phaea, Moneilema, and Essostrutha (Table 1) have been submitted to GenBank under Accession Nos. AF267465-AF267483. These sequences span all of the membrane and loop regions of COI and parts of the amino and carboxyl tails. Uncorrected pairwise divergences range from approximately 18% between Moneilema and Essostrutha and Phaea/Tetraopes, to 12% between Phaea and Tetraopes, and from 4 to 11% within Tetraopes. Nucleotide composition varies among codon positions and among functional domains (Table 5) . Third-codon positions are generally AT-rich across the entire gene and vary between 93% AT (for Tetraopes umbonatus) to 98% AT (for T. tetrophthalmus). These beetle sequences are thus somewhat more AT-rich at thirdcodon positions than other insect sequences (Crozier and Crozier, 1993) . Second-codon positions are T-rich in the membrane domain (Table 5) , evidently reflecting the expected predominance of codons for hydrophobic amino acids (Saraste, 1990) , which are largely T in the second position.
Rates of Divergence between Domains
Rates of divergence and transition/transversion ratios of third-codon positions do not vary among domains ( Figs. 1 and 2) , while divergence for first-plus second-position substitutions is higher in the internal domain (Fig. 3) . Divergence at first and second positions in the more labile internal domain converge on a Ti:Tv ratio of 1:2 with increasing overall divergence (Fig. 4) much like third positions (Fig. 2) , a pattern not evident in the external and membrane domains (not shown). Divergence at first and second positions with 
FIG. 1.
Uncorrected pairwise divergences at third-codon positions (ordinate) of both hydrophilic (internal, external loops) and hydrophobic (membrane) domains show a simple, linear relationship to overall divergence (abscissa) between the sequences.
FIG. 2.
Transition/transversion ratios of third-codon positions (ordinate) of both hydrophilic (internal, external loops) and hydrophobic (membrane) domains asymptote at a 1:2 ratio at an overall divergence (abscissa) of approximately 8% between the sequences. 472 increasing overall distance in these latter two domains is more variable, probably reflecting greater (but more variable) selective constraints on particular positions.
Phylogenetic Analyses of Species
The sequences comprise 1401 aligned characters, 351 of which are parsimony informative. Both maximum-parsimony and maximum-likelihood analyses of the DNA data alone or in combination with the allozyme and morphology data (P Ͼ 0.05 in the ILD test) recover a single topology (Fig. 5) . The maximum-parsimony tree length for the DNA sequences is 1295 steps (CI ϭ 0.57; RI ϭ 0.47; RC ϭ 0.27; HI ϭ 0.43). The simplest model not rejected by likelihood ratio tests is GTR ϩ G, with G estimated at 0.28. The Ϫln likelihood is 7686.7402 (alternative model is GTRϩIϩG; Ϫln L1 ϭ 7684.3262; 2(ln L1 Ϫln L0) ϭ 4.8281; df ϭ 1; P ϭ 0.027999). Of the 139 unambiguous amino acid substitutions, 78 occur within Tetraopes. Approximately half are repeated shifts between the amino acids isoleucine, valine, methionine, leucine, threonine, alanine, and phenylalanine and most of the rest similarly comprise conservative substitutions (French and Robson, 1983) . While saturation is suggested by the 1:2 Ti:Tv ratio evident among the more divergent third-codon positions (Fig. 2) and the internal domain (Fig. 4) , parsimony analyses of each of these classes of these sites alone (Figs. 6 and 7, respectively) recover the phylogenetic tree for Tetraopes based on complete sequences (Fig. 5) . Discordance is between the Phaea species and Tetraopes, where average distances exceed 10%, beyond the apparent pattern of saturation above 8% overall divergence (approximately the mean divergence within Tetraopes). Thus the observation that some partitions of sites show the overall patterns expected of saturation does not necessarily mean that these partitions lack a phylogenetic signal (Kallersjo et al., 1999) .
Rates of Sequence Divergence among Beetle and Host Plant Species
Likelihood ratio tests of GTR ϩ G with and without the molecular clock enforced failed to reject overall rate homogeneity (Ϫ2(ln L1 Ϫln L0) ϭ 1.63, df ϭ 17, N.S.). Application of Tajima's 2D relative rate test (1993) for pairs of sister species of Tetraopes and between Phaea and Tetraopes (Table 6) , representing the major subgroups affiliated with different plant groups, also failed to reject the null hypothesis of no significant rate heterogeneity.
The interspecific sequences were therefore used to calibrate a molecular clock for COI for these beetles and span a range of divergences comparable to other calibrations for mtDNA, which typically range over 1-30 million years (e.g., Brower, 1994; Juan et al., 1995 Juan et al., , 1996a Juan et al., , 1996b Juan et al., , 1998 Moran et al., 1999; Pellmyr and Leebens-Mack, 1999) . The correspondence of beetle sequence divergence to the inferred ages of separation of their habitats shows the approximate linearity of the overall substitution rate, which is 1.5% per million years (y ϭ 1.5x, R 2 ϭ 0.78; Fig. 8 ), over this time scale. This is very close to the rate of 1.4% reported for COI of Alpheus shrimp isolated between 3 and 9 million years ago on either side of the Isthmus of Panama (Knowlton and Weigt, 1998) , but is lower than the   FIG. 4 . Transition/transversion ratios of first and second positions (ordinate) of the hydrophilic internal loop asymptote at a 1:2 ratio at an overall divergence (abscissa) of approximately 8% between the sequences.
FIG. 3.
Uncorrected pairwise divergences of first and second positions (ordinate) of the hydrophilic internal loops rise much more rapidly than those of the hydrophilic external loops and hydrophobic membrane domains when plotted against overall sequence divergence (abscissa).
EVOLUTION OF MILKWEED BEETLES
approximately 2.3% per million years calculated by Brower (1994) over the mitochondrial genome for a younger set of ages, ranging from 300 years to 3 million years. These differences in mtDNA substitution rates surely reflect, in part, the expected decline in apparent substitution rate with increasing overall sequence divergence , but there is also evidence that COI evolves at slower than the average rate for the insect mitochondrial genome. Thus early comparisons (Crozier and Crozier, 1993) of the mitochondrial genomes of Apis and Drosophila indicated that COI is the most conservative of the mitochondrial genes at 74% identity, compared to a range for other protein coding genes from 51% (ND2) to 68% (COII). A weighted average of the percentage sequence identity of protein-coding genes for the mitochondrial genome is 54%. The only other mtDNA locus in insects that is approximately as conservative as COI is the large ribosomal subunit, of 71.5% identity between Apis and Drosophila (Crozier and Crozier, 1993) . The clocklike divergence of these beetle sequences permits comparison with the divergences of their host milkweeds (Fig.  9) , for which rbcl divergence is also clocklike. Thus likelihood ratio tests for rbcl of the HKY ϩ G model (the simplest model not rejected by LRT) without and with the clock enforced fail to reject the clock (2(2549.6 Ϫ 2551.7) ϭ 4.2, 2 df, P ϭ 0.12).
The correlation between the divergences of the four Phaea and Tetraopes species and the divergences of (Fig. 5) , despite apparent saturation above 8% sequence divergence (Fig. 2) , the mean for Tetraopes.
FIG. 5.
The maximum-parsimony tree for the cerambycid sequences has the same topology as the maximum-likelihood tree and the "total evidence" tree based on analysis of these DNA sequences plus allozymes and morphology (Farrell and Mitter, 1998) . The maximum-parsimony tree length for the DNA sequences is 1295 steps (CI ϭ 0.57; RI ϭ 0.47; RC ϭ 0.27; HI ϭ 0.43). The bootstrap percentage is presented above each node with the number of nucleotide (and amino acid) substitutions presented below. Branches are drawn with lengths proportional to the number of substitutions.
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BRIAN D. FARRELL their host plant groups (Fig. 9) is consistent with the hypothesis that these have diversified approximately contemporaneously. However, because there is evidence that these associated beetle and host plant phylogenies are approximately parallel (Farrell and Mitter, 1998) , this pattern would be obtained even if the plants were much older than the beetles. Nevertheless, contemporaneous diversification seems a somewhat more parsimonious explanation than positing a process whereby the insects tracked some feature correlated with plant phylogeny in the same direction it evolved, though long after the plants had diversified (Farrell and Mitter, 1998) . Further evidence on timing could come from a separate calibration for rbcl for these plants. The Apocynaceae first appear as pollen in the Paleocene approximately 60 million years ago, followed by Eocene macrofossils (Muller, 1984) . Calibration of the rbcl molecular clock using this Paleocene age for Apocynaceae and their mean nonsynonymous divergence (0.016) yields an overall estimate of 1.35 ϫ 10 Ϫ10 nonsynonymous substitutions per site per year, an estimate that is reasonably close to the nonsynonymous rate calculated for grasses (1.6 ϫ 10 Ϫ10 nonsynonymous substitutions per site per year; Gaut et al., 1996) . This rate predicts the age of the Asclepias pair at 22 million years, while the independent calibration for the divergence of their Tetraopes associates (Fig. 8) predicts a beetle age of 15 million years. It seems likely that the greater divergences between Phaea and Tetraopes (also see Table 4 ) and between their respective hosts predate these Miocene beetle/host divergences. Thus at least some of the evolution of these beetles and hosts was contemporaneous in the mid-Tertiary. This suggests that, together with their host milkweeds, these primitively tropical beetles may have diversified in the newly developing temperate zone during the mid-Tertiary.
Applying this calibration to the only other milkweed insect for which there is a molecular phylogenetic study, the aposematic chrysomelid genus Chrysochus in the milkweed-associated tribe Corynodini distributed in Africa, Eurasia, and North America (Dobler and Farrell, 1999) , also indicates an early Miocene age
FIG. 7.
One of 18 maximum-parsimony trees for the cerambycid sequences using only the approximately 300 nucleotides comprising the internal loop regions (number of steps 282, CI ϭ 0.57, RI ϭ 0.48; RC ϭ 0.27; HI ϭ 0.43). The bootstrap percentage is presented above each node with the number of nucleotide substitutions presented below. Branches are drawn with lengths proportional to the number of substitutions. Relationships among Tetraopes species are identical to those based on all data (Fig. 5) , despite apparent saturation above 8% sequence divergence (Fig. 4) , the mean for Tetraopes. Note. Uncorrected pairwise distances are calculated at first-and second-codon positions for beetles, and at all three codon positions for plants.
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for their associations with the Apocynaceae/Asclepiadaceae. Whether such older associations are more closely "coevolved" with their hosts than younger associations remains little studied, though Chryochus is also known to sequester cardenolides from their host milkweeds (Dobler et al., 1998) .
The phylogeny estimate presented here will facilitate research on milkweed-specific adaptations such as the basis of cardenolide resistance (e.g., Holzinger et al., 1992; Holzinger and Wink, 1996) in Tetraopes associated with different Asclepias species. Comparison with other relatively ancient milkweed insects such as Chrysochus for contrast with more recent associations should provide insights into the pace and process of molecular adaptation of a fauna (Isman et al., 1977) . Especially illuminating would be comparisons with apparently recent milkweed beetles such as the curculionid weevil Rhyssomatus lineaticollis and the chrysomelid Pseudoluperus leconteii. Both are the only species in their respective genera affiliated with the Apocynaceae or Asclepiadaceae, indicating recency of colonization, and both are cryptically colored, indicating vulnerability to enemies. Indeed, while this species of Rhyssomatus has been shown to not sequester cardiac glycosides (Nishio et al., 1983) , the basis of this beetle's evident resistance to these toxins has not yet been investigated. Comparative molecular studies of young and old members of such specialized faunas may illuminate processes underlying the rate of adaptations and their possible consequences for diversification. The insects associated with the array of temperate radiations of frequently toxic, herbaceous plant groups provide an especially rich context for such comparative studies.
FIG. 8.
Regression of pairwise distances on estimates of time since separation of habitats occupied by pairs of Tetraopes and Phaea (Farrell and Mitter, 1998) , with the intercept constrained to pass through the origin. Regression slope of the relationship is y ϭ 1.5x; correlation coefficient (R 2 ) ϭ 0.78.
FIG. 9.
Regression of the first-and second-position pairwise divergences of multiple beetle pairs on the rbcl first-and secondposition pairwise divergences of their respective host plant groups (Table 6) , with the intercept constrained to pass through the origin. The slope of the relationship is y ϭ 0.91x; correlation coefficient (R 2 ) ϭ 0.80.
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